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Abstract 
A new and simple method, using water as a potential molecular probe, is proposed for the 
determination of the concentration of surface oxygen groups on carbon adsorbents.  The 
procedure is based on a determination of the Henry constant between a water molecule and a 
functional group from the volume integration of the Boltzmann factor over the accessible 
space around the functional group.  Three porous carbons are used in this study to test the 
new method: A-5, RF-100 and RF-200.  The results obtained are in good agreement with 
those measured by Boehm titration.  This new method can be applied to adsorbents 
containing small concentrations of oxygen groups where the Boehm titration method may 
give unreliable results.  
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1. Introduction 
Water is of immense importance to many problems in different scientific disciplines, 
including chemistry, biology, geology, nanotechnology, and materials technology.  One such 
problem is water adsorption in activated carbon of high surface area; several applications of 
carbon adsorbents such as the removal of organic pollutants from aqueous streams, recovery 
of VOCs, the production of clean fuels etc., involve aqueous components.  The interaction of 
water with carbon depends critically on the concentration of hydrophilic groups whose 
interaction with water is much stronger than the dispersion force interaction between water 
and carbon itself.  The hydrophilic moieties are present as functional groups attached either to 
the basal plane, or to the edges of graphene layers.  It is important to the successful 
application of carbon adsorbents in processes involving water and competing organic species 
to understand, at a fundamental level, how water molecules interact with the functional 
groups.  Insight into these processes can be gained by carrying out water adsorption 
measurements at very low loadings, where the intrinsic interaction between a water molecule 
and a functional group can be quantified. 
 
The relationship between the amount adsorbed and the gas phase pressure is an adsorption 
isotherm.  At low enough pressures interactions between adsorbate molecules are negligible 
and the isotherm is linear.  The isotherm slope under these conditions is the Henry constant 
and represents the partition of concentration between the gaseous adsorptive and the 
adsorbate phases, and it is therefore a measure of the intrinsic interaction between an 
adsorbate molecule and the solid adsorbent [1-3].  When water is adsorbed in activated 
carbon, the primary interaction is between water and the functional groups.   
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Adsorption on carbons has a very long history, e.g. C.W. Scheele in 1773 and the F. Fontana, 
in 1777, investigated the uptake of gases by charcoal.  Therefore, the experimental work of 
water adsorption in carbon materials might date back to the early literature to give a complete 
overview.  Nevertheless, simulation studies from the 1980s onwards, have shed much new 
light on the mechanism of water adsorption on carbons [4-22].  Early simulation studies 
concentrated on the direct interaction between water and a pure graphene surface [23-27], but 
since graphene is hydrophobic, in the sense that the water-graphene interaction is much 
weaker than the intermolecular interaction between water molecules, water only adsorbs at 
pressures greater than the saturation vapor pressure.  This theoretical observation contradicts 
the experimental data, where isotherms show that there is a strong uptake of water in 
carbonaceous adsorbents in the reduced pressure range between 0.3 and 0.8, depending on 
pore size.  This contradiction has inspired many attempts to account for the factors that lead 
to the enhanced affinity between water and a carbon adsorbent.  These factors are often 
referred to as adsorption heterogeneity [28], and are categorized as either structural or 
energetic heterogeneity.  Structural heterogeneity could result, for example, from defects in 
the graphene layers or from the overlap of adsorbent forces in spaces very close to a 
molecular width.  Even this strong enhancement of the adsorption potential energy is not 
sufficient to explain the experimental observations [29].  The only possible enhancement that 
can reconcile simulation results and experimental data is an increase in adsorption energy 
from electrostatic interactions between water molecules and partial charges, most probably 
due to residual polar groups attached to the edge sites of carbon adsorbents, and usually 
described as functional groups [30-34].  Water molecules initially adsorbed at these sites can 
act as an anchor for further molecules which can attach to them and grow into a cluster.  This 
process cannot be regarded as adsorption, in the sense that water is held directly by the 
adsorbent substrate, but rather as the growth of a “liquid-like” water cluster.  One implication 
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of this is that this cluster growth does not conform to the conventional thermodynamics of 
adsorption, in which the amount adsorbed decreases with an increase in temperature.  The 
significance of functional groups in water adsorption in porous carbons has been investigated 
in a number of computer simulations [11, 15, 17, 21, 22, 29, 35-38].  Several oxygen-
containing groups (e.g. carboxyl [22], carbonyl [22, 39], and hydroxyl [15, 22] groups) have 
been studied for the effects of concentration and local distributions on the adsorption of 
water.   
 
Clearly it is important, and could be critical in any application of carbon for the adsorption of 
mixtures involving water, to determine the concentration of functional groups.  Several 
techniques, such as Boehm titration [40, 41], temperature programmed desorption [42], 
Fourier transform infrared spectroscopy [42, 43] and X-ray photoelectron spectroscopy [44] 
have been used.  Among these Boehm titration is the most common, partly because of its 
relative simplicity, and partly because expensive and specialized apparatus may not be 
available in many laboratories.  Even though Boehm titration is relatively simple, it involves 
wet chemistry, and for an accurate and reliable determination of the functional group 
concentration a large quantity of sample is required.  Many of the advanced carbonaceous 
materials that have been recently synthesized, are often available only in small quantities; 
therefore determination of the functional groups on these small samples may be subject to 
large errors.  Furthermore, the wet chemistry involved in Boehm titration changes the surface 
properties.  To circumvent these problems we are proposing, in this paper, a new method for 
the estimation of functional group concentration.  The idea is to determine the interaction 
between a water molecule and a functional group using a statistical mechanical calculation of 
the Henry constant between one water molecule and one functional group from the volume 
integration of the Boltzmann factor over the accessible space around the functional group.   
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2. Experimental 
2.1. Materials 
We used a range of porous carbons that have different concentrations of functional groups 
and different porous structures: (1) pitch-based activated carbon fibre (ACF), A-5 (supplied 
by Ad’all Co. in Japan), and (2) resorcinol-formaldehyde resin based carbon cryogels, RF-
100 and RF-200, synthesized in our laboratories.  The details of the synthesis of RF carbons 
are reported in previous publications [45, 46].  These carbons are mainly hydrophobic, and 
the surface oxygen groups are present only in small quantities and were identified as 
carboxylic, lactonic, and phenolic.   
 
2.2. Measurement 
Water adsorption on the porous carbons was measured at 263-298K using a constant volume 
adsorption apparatus (BELSORP-max, BEL Japan).  Before each measurement, the samples 
were degassed at 473K for 5h under vacuum at pressures less than 0.1mPa to remove any 
physically adsorbed components.   
 
The concentrations of surface functional groups were measured by Boehm titration [40] and 
are listed in Table 1.  Approximately 0.1g of the adsorbent was added to excess (100cm3) 
standard base solution (0.01N NaOH, 0.001N Na2CO3, and 0.001N NaHCO3), and the acidic 
oxides on the carbon surface were determined by back-titration with HCl after allowing the 
mixture to stand for 48h at 298K. 
 
Table 1. Concentration of functional groups on A-5, RF-100, and RF-200 from Boehm titration 
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Adsorbent 
Carboxylic 
[mmol/g] 
Lactonic 
[mmol/g] 
Phenolic 
[mmol/g] 
A-5 0.103 0.000 0.184 
RF-100 0.027 0.068 0.198 
RF-200 0.012 0.100 0.176 
 
3. Theory 
Henry’s law can be written in the form: 
     
g
KC P
R T
=       (1) 
where C is the amount adsorbed, P is the absolute pressure, Rg is the gas constant, T is the 
temperature of the system, and K is the Henry constant.  Since the gas phase is rarefied, it is 
assumed to be ideal in the above equation.  If the amount adsorbed is expressed as mol/g of 
the solid, K will have unit of m3/g.   
 
The contribution to the Henry constant from one site is given by [3]: 
  exp[ ( , )] [ ( , )]K d d H d dα βϕ ϕ
Ω Ω
= − − −∫∫ ∫∫r ω r ω r ω r ω     (2) 
where Ω is the domain accessible to the adsorbate molecule, β =1/kBT, ϕ is the potential 
energy of interaction between a water molecule, at the position r, orientation ω, and the site, 
and H is a Heaviside step function.  Here we use the symbol Kα, with the subscript α, to 
denote the Henry constant contributed by one functional group α in order to distinguish it 
from the experimental Henry constant K, which is a measure of the interaction between an 
adsorbate molecule and all the adsorption sites on the surface.  Kα has the unit of m3 per 
functional group.  
 
Although the solid surface includes all accessible adsorption sites available to water, the 
exponential function in Equation (2) means that the strongest sites will dominate the Henry 
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constant.  In the specific example of water on carbon adsorbents, these sites, as discussed 
above, will be the residual functional groups containing oxygen, rather than sites on the basal 
plane of the graphene layer.   
 
The rigid non-polarizable SPC/E model [47] was used to model water.  The model has a 
single LJ site located at the centre of the oxygen atom and three fixed point charges 
representing the charge distribution of the molecule.  Two positive charges (q+) are located at 
the centres of the hydrogen atoms, and a single negative charge (q-) is located at the centre of 
oxygen atom; the molecular parameters of the SPC/E model are listed in Table 2.   
 
Table 2. Molecular parameters of the oxygen functional groups [22] and water model [47] 
Model Interacting site σ( Å) ε/kb(K) q(e) 
water O 0.3166 78.2 -0.8476 
H 0.0 0.0 0.4238 
    
carbonyl Ca 0.0 0.0 0.5 
 O 0.296 105.8 -0.5 
     
hydroxyl Ca 0.0 0.0 0.2 
 O 0.307 78.2 -0.64 
 H 0.0 0.0 0.44 
     
carboxyl Ca 0.0 0.0 0.08 
 C 0.375 52 0.55 
 O(=C) 0.296 105.7 -0.5 
 O(-H) 0.3 85.6 -0.58 
 H(-O) 0.0 0.0 0.45 
     
a Carbon located in plane of graphene sheet. 
 
The intermolecular interaction energy between a water molecule i and a functional group j,
ji ,ϕ  , is given by:   
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where a parameter βα ,, jiX  is associated with a site α on i and a site β on j.  The parameters βασ ,, ji  
and ,,i jα βε  are the cross collision diameter and the cross well depth of interaction energy, 
respectively, and are calculated from the Lorentz-Berthelot rule.  The parameter iq
λ  is the 
partial charge on the site λ of i, and ε0 is the permittivity of a vacuum.  Three oxygen-
containing functional groups were considered in this study: carbonyl, hydroxyl, and carboxyl 
groups which are the most pronounced hydrophilic sites of carbon adsorbents [12, 41].  Their 
molecular parameters are also given in Table 2. 
 
Figure 1 presents the schematic diagram of the simulation box containing one functional 
group attached to the edge of graphite whose structure consists of 11 Bojan-Steele surfaces 
finite in the z-direction and infinite in the x-direction.  These surfaces were positioned parallel 
to each other and perpendicular to the XY plane.  The Bojan-Steele potential [48-51] was 
used to describe the interaction energy of water and Bojan-Steele surface, the results are 
presented in Figure 2.  It is seen that the potential profile has a wave shape, which is a 
characteristic of the edges of graphene layers.   
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Figure 1: Schematic diagram of the simulation box containing one functional group attached to the 
edge of graphite consisting of 11 Bojan-Steele surfaces 
 
  
 
Figure 2: Solid-fluid potential profile for water on pure graphite consisting of 11 Bojan-
Steele surfaces. 
 
The theoretical Henry constants contributed by one functional group, carbonyl, hydroxyl, 
carboxyl, whose side views are shown in Figure 3, are shown in Figure 4 for a range of 
temperature.  At the temperatures studied (263-298K) the carboxyl group gives the highest 
Kα, which is about two orders of magnitude higher than the carbonyl and hydroxyl groups.  
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Therefore, if the adsorbent contains carboxyl groups, water molecules will tend to cluster 
around carboxyl groups, irrespective of the presence of other functional groups unless their 
concentrations are at least two orders of magnitude greater than that of the carboxyl group.  It 
has also been reported in the literature that carboxyl groups exhibit the highest affinity 
towards water molecules [12, 41].  Therefore, water adsorption on carbon adsorbents that 
have carboxyl groups and other oxygen groups attached, is dominated by the interaction 
between water and carboxyl groups at zero loading. 
 
Figure 3: Side projections of functional groups attached at the edge of graphene layer 
  
Figure 4: Theoretical Henry constant Kα contributed by functional groups as a function of 
temperature: carbonyl (triangles), hydroxyl (rectangles) and carboxyl (circles) 
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Knowing the experimental K and theoretical Kα contributed by a carboxyl group, the 
concentration Cα, of carboxyl groups on the carbon can be calculated in mol/g from:  
 AK C K Nα α=  (4) 
where NA is the Avogadro number.  
 
4. Results and discussion 
Water adsorption isotherms at various temperatures on the porous carbons, A-5, RF-100 and 
RF-200, are presented in Figure 5.  The insets show the isotherms at low pressure on a log-
log scale and can be seen to obey Henry’s law initially. 
     
 
Figure 5: Adsorption isotherms of water on porous carbons: (a) A-5, (b) RF-100 and (c) RF-200  
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The experimental Henry constants at various temperatures calculated from eq. (1) for water 
adsorption on these three carbons are tabulated in Table 3, together with the theoretical Henry 
constant, Kα, contributed by one carboxyl group.  To obtain these values of Kα by Monte 
Carlo integration (eq. 2) we assumed that the carboxyl group is rigid with the hydrogen atom 
positioned in the same plane as the other atoms giving a C-C-O-H dihedral angle of 180o.  
The concentrations of carboxyl groups on A-5, RF-100 and RF-200 computed by eq. (4) are 
given in Table 4.  These concentrations are much higher than those measured by Boehm 
titration. 
Table 3. Experimental Henry constant (m3/g) of A-5, RF-100, and RF-200 and theoretical Henry constant, Kα 
(1027m3/functional group) at various temperatures 
 
 263K 268K 273K 278K 288K 
A-5 0.0275 0.0175 - - 0.00561 
RF-100 0.018 - - - 0.003 
RF-200 0.0105 - 0.0055 0.0038 - 
Kα 3079.47 2502.94 1428.61 1110.82 761.14 
 
Table 4. Estimated concentration of carboxyl groups (mmol/g) of A-5, RF-100, and RF-200 with the C-C-O-H 
dihedral angle of carboxyl model equal to 180 degree 
 
Adsorbent 263K 268K 273K 278K 288K Average Exp. 
A-5 14.83 11.61 - - 12.24 12.89 0.103 
RF-100 9.71 - - - 6.55 8.13 0.027 
RF-200 5.66 - 6.39 5.68 - 5.91 0.012 
 
The carbon atom in the carboxyl group is sp2, therefore the carbon and oxygen atoms of this 
group are positioned in the same plane as the carbon atom attached to the graphene layer, but 
the O-H group can be rotated about the C-O bond which changes the dihedral angle of the 
carboxyl group and therefore the Henry constant, as illustrated in Figure 6.  The maximum 
value of the Henry constant is found when the dihedral angle is in the narrowly distributed 
range centered at 100o.  This angle will therefore correspond to the optimum configuration 
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and will be maintained when water clusters are formed.  The Henry constant Kα for the 
optimum configuration is almost 5 times larger than that for the dihedral angle of 180 degree 
which gives concentrations of carboxyl groups almost 5 times smaller as shown in Table 5.  
However, these concentrations are still higher than the experimental values. 
 
Table 5. Estimated concentrations of carboxyl groups (mmol/g) of A-5, RF-100, and RF-200 with the C-C-O-H 
dihedral angle of carboxyl model equal to 100 degree 
 
Adsorbent 263K 268K 273K 278K 288K Average Exp. 
A-5 2.75 2.84 - - 3.08 2.89 0.103 
RF-100 1.80 - - - 1.65 1.72 0.027 
RF-200 1.05 - 1.23 1.07 - 1.12 0.012 
 
Figure 6: Theoretical Henry constant for a carboxyl group at 263K, as a function of the C-C-O-H 
dihedral angle 
 
The partial charges used for the carboxyl group in this study were taken from the OPLS 
potential model of acetic acid [22].  It is possible that these partial charges would be 
increased when the group is attached to a graphene edge site.  Furthermore when a carboxyl 
group is positioned close to weaker groups, such as carbonyl or phenolic, its partial charges 
could be enhanced.  Therefore, we introduce a factor, F, to estimate the average interaction 
between a water molecule and a carboxyl group. 
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, ,.i j i jF ϕΦ =       (5) 
The carboxyl group concentrations estimated for A-5, RF-100 and RF-200 with F=1.15 and a 
C-C-O-H dihedral angle of 100 degree are 0.11, 0.08 and 0.04mmol/g, respectively (Table 6).  
The corresponding values measured by Boehm titration are 0.103, 0.027 and 0.012mmol/g.  
Our method gives an excellent agreement with the Boehm titration for A-5, but overestimates 
the concentrations of carboxyl group in RF-100 and RF-200 as measured by Boehm titration.  
This difference could be due to a number of factors: (1) uncertainty in the Boehm titration 
because of the very low concentration of carboxyl groups, and (2) the under-estimation of the 
partial charges for the RF carbons.  
 
Table 6. Estimated concentrations of carboxyl groups (mmol/g) of A-5, RF-100, and RF-200 with the C-C-O-H 
dihedral angle of carboxyl model equal to 100o and factor F=1.15 
 
Adsorbent 263K 268K 273K 278K 288K Average Exp. 
A-5 0.12 0.08 - - 0.14 0.11 0.103 
RF-100 0.08 - - - 0.08 0.08 0.027 
RF-200 0.05 - 0.04 0.03 - 0.04 0.012 
 
5. Conclusions 
A new method using water as a molecular probe is proposed to determine the concentration 
of surface functional groups containing oxygen on a carbon adsorbent.  This method is fast 
and simple to implement experimentally.  The results obtained are in fair to good agreement 
with those measured by the Boehm titration.  Moreover, this method can be applied to 
adsorbents containing a small amount of functional groups where Boehm titration fails.  
 
Acknowledgement:  This work is supported by the Australian Research Council.  This work was partially 
supported by the Japan Society for the Promotion of Science, Grant-in-Aid for Young Scientists (B), 24750146. 
  
15 
 
References 
[1] Steele WA. The interaction of gases with solid surfaces: Oxford: Pergamon Press; 
1974. 
[2] Nicholson D, Parsonage G. Computer Simulation and the Statistical Mechanics of 
Adsorption. London: Academic Press; 1982. 
[3] Do DD, Nicholson D, Do HD. On the Henry constant and isosteric heat at zero 
loading in gas phase adsorption. J Colloid Interface Sci. 2008;324(1-2):15-24. 
[4] Nguyen TX, Bhatia SK. How Water Adsorbs in Hydrophobic Nanospaces. J. Phys. 
Chem. C. 2011;115(33):16606-12. 
[5] Lodewyckx P. The effect of water uptake in ultramicropores on the adsorption of 
water vapour in activated carbon. Carbon. 2010;48(9):2549-53. 
[6] Hantal G, Picaud S, Hoang PNM, Voloshin VP, Medvedev NN, Jedlovszky P. Water 
adsorption isotherms on porous onionlike carbonaceous particles. Simulations with 
the grand canonical Monte Carlo method. J Chem Phys. 2010;133(14). 
[7] Lodewyckx P, Van Rompaey D, Verhoeven L, Vansant EF. Water isotherms of 
activated carbons with small amounts of surface oxygen groups: fitting the mesopore 
region. Carbon. 2001;39(2):309-10. 
[8] Gogelashvili GS, Vartapetyan RS, Ladychuk DV, Khozina EV, Grunin YB. Energy 
Characteristics of Adsorbed Water in Active Carbons According to the NMR 
Relaxation Data. Russ. J. Phys. Chem. A. 2010;84(2):272-6. 
[9] Vartapetyan RS, Voloshchuk AM, Isirikyan AA, Polyakov NS, Tarasevich YI. 
Chemistry of Carbon Surface and Mechanism of Water Molecule Adsorption. 
Colloids and Surfaces A. 1995;101(2-3):227-32. 
[10] Qi N, LeVan MD. Adsorption equilibrium modeling for water on activated carbons. 
Carbon. 2005;43(11):2258-63. 
16 
 
[11] Slasli AM, Jorge M, Stoeckli F, Seaton NA. Modelling of water adsorption by 
activated carbons: effects of microporous structure and oxygen content. Carbon. 
2004;42(10):1947-52. 
[12] Brennan JK, Bandosz TJ, Thomson KT, Gubbins KE. Water in porous carbons. 
Colloids and Surfaces A. 2001;187-188:539-68. 
[13] Salame, II, Bagreev A, Bandosz TJ. Revisiting the effect of surface chemistry on 
adsorption of water on activated carbons. J Phys Chem B. 1999;103(19):3877-84. 
[14] Salame, II, Bandosz TJ. Experimental study of water adsorption on activated carbons. 
Langmuir. 1999;15(2):587-93. 
[15] McCallum CL, Bandosz TJ, McGrother SC, Müller EA, Gubbins KE. A Molecular 
Model for Adsorption of Water on Activated Carbon:  Comparison of Simulation and 
Experiment. Langmuir. 1999;15(2):533-44. 
[16] Liu JC, Monson PA, van Swol F. Studies of a lattice model of water confined in a slit 
pore. J. Phys. Chem. C. 2007;111(43):15976-81. 
[17] Liu JC, Monson PA. Monte Carlo simulation study of water adsorption in activated 
carbon. Ind, Eng. Chem. Res. 2006;45(16):5649-56. 
[18] Ohba T, Kaneko K. Initial Filling Mechanism of Predominant Water Adsorption on 
Hydrophobic Slit-Shaped Carbon Nanopores. In: Bellissent-Funel MC, Dore J, eds. 
Water Interfaces in Physics Chemistry and Biology: A Multi-Disciplinary Approach 
2009. 
[19] Ohba T, Kaneko K. Surface oxygen-dependent water cluster growth in carbon 
nanospaces with GCMC simulation-aided in situ SAXS. J. Phys. Chem. C. 
2007;111(17):6207-14. 
[20] Kaneko K, Hanzawa Y, Iiyama T, Kanda T, Suzuki T. Cluster-Mediated Water 
Adsorption on Carbon Nanopores. Adsorption. 1999;5(1):7-13. 
17 
 
[21] Jorge M, Seaton NA. Characterisation of the surface chemistry of activated carbon by 
molecular simulation of water adsorption. In: RodriguezReinoso F, McEnaney B, 
Rouquerol J, Unger K, eds. Characterization of Porous Solids Vi 2002, p. 131-8. 
[22] Jorge M, Schumacher C, Seaton NA. Simulation study of the effect of the chemical 
heterogeneity of activated carbon on water adsorption. Langmuir. 2002;18(24):9296-
306. 
[23] Ohba T, Kanoh H, Kaneko K. Structures and stability of water nanoclusters in 
hydrophobic nanospaces. Nano Lett. 2005;5(2):227-30. 
[24] Ohba T, Kanoh H, Kaneko K. Water cluster growth in hydrophobic solid nanospaces. 
Chemistry-a European Journal. 2005;11(17):4890-4. 
[25] Ohba T, Kanoh H, Kaneko K. Cluster-growth-induced water adsorption in 
hydrophobic carbon nanopores. J Phys Chem B. 2004;108(39):14964-9. 
[26] Striolo A, Gubbins KE, Gruszkiewicz MS, Cole DR, Simonson JM, Chialvo AA. 
Effect of temperature on the adsorption of water in porous carbons. Langmuir. 
2005;21(21):9457-67. 
[27] Striolo A, Chialvo AA, Cummings PT, Gubbins KE. Water adsorption in carbon-slit 
nanopores. Langmuir. 2003;19(20):8583-91. 
[28] Rudzinski W, Everett DH. Adsorption of Gases on Heterogeneous Surfaces. New 
York: Academic Press; 1992. 
[29] Birkett G, Do DD. Simulation Study of Water Adsorption on Carbon Black: The 
Effect of Graphite Water Interaction Strength. J Phys Chem. 2007;111(15):5735-42. 
[30] Morimoto T, Miura K. Adsorption Sites for Water on Graphite. 1. Effect of High-
Temperature Treatment of Sample. Langmuir. 1985;1(6):658-62. 
[31] Morimoto T, Miura K. Adsorption Sites for Water on Graphite .2. Effect of Autoclave 
Treatment of Sample. Langmuir. 1986;2(1):43-6. 
18 
 
[32] Miura K, Morimoto T. Adsorption Sites for Water on Graphite. 3. Effect of Oxidation 
Treatment of Sample. Langmuir. 1986;2(6):824-8. 
[33] Miura K, Morimoto T. Adsorption Sites for Water on Graphite .4. Chemisorption of 
Water on Graphite at Room Temperature. Langmuir. 1988;4(6):1283-8. 
[34] Miura K, Morimoto T. Adsorption sites for water on graphite. 5. Effect of hydrogen-
treatment of graphite. Langmuir. 1991;7(2):374-9. 
[35] Müller EA, Rull LF, Vega LF, Gubbins KE. Adsorption of Water on Activated 
Carbons: A Molecular Simulation Study. J Phys Chem. 1996;100(4):1189-96. 
[36] Muller EA, Gubbins KE. Molecular simulation study of hydrophilic and hydrophobic 
behavior of activated carbon surfaces. Carbon. 1998;36(10):1433-8. 
[37] Picaud S, Collignon B, Hoang PNM, Rayez JC. Adsorption of water molecules on 
partially oxidized graphite surfaces: a molecular dynamics study of the competition 
between OH and COOH sites. Phys. Chem. Chem. Phys. 2008;10(46):6998-7009. 
[38] Brennan JK, Thomson KT, Gubbins KE. Water in porous carbons: A simulation 
study. In: Cummings PT, Westmoreland PR, eds. Foundations of Molecular Modeling 
and Simulation. New York: Amer Inst Chemical Engineers 2001, p. 264-8. 
[39] Brennan JK, Thomson KT, Gubbins KE. Adsorption of Water in Activated Carbons: 
Effects of Pore Blocking and Connectivity. Langmuir. 2002;18(14):5438-47. 
[40] Boehm HP. Chemical Identification of Surface Groups. In: D.D. Eley HP, Paul BW, 
eds. Advances in Catalysis: Academic Press 1966, p. 179-274. 
[41] Boehm HP. Some aspects of the surface chemistry of carbon-blacks and other 
carbons. Carbon. 1994;32(5):759-69. 
[42] Jia YF, Thomas KM. Adsorption of Cadmium Ions on Oxygen Surface Sites in 
Activated Carbon. Langmuir. 1999;16(3):1114-22. 
19 
 
[43] Meldrum BJ, Rochester CH. In situ infrared study of the surface oxidation of 
activated carbon in oxygen and carbon dioxide. J Chem Soc, Faraday Trans. 
1990;86(5):861-5. 
[44] Kaneko Y, Ohbu K, Uekawa N, Fujie K, Kaneko K. Evaluation of low concentrated 
hydrophilic sites on microporous carbon surfaces with an X-ray photoelectron-
spectroscopy ratio method. Langmuir. 1995;11(3):708-10. 
[45] Horikawa T, Sekida T, Hayashi J, Katoh M, Do DD. A new adsorption-desorption 
model for water adsorption in porous carbons. Carbon. 2011;49(2):416-24. 
[46] Horikawa T, Sakao N, Do DD. Effects of temperature on water adsorption on 
controlled microporous and mesoporous carbonaceous solids. Carbon. 
2013;56(0):183-92. 
[47] Berendsen HJC, Grigera JR, Straatsma TP. The Missing Term in Effective Pair 
Potentials. J. Phys. Chem. B. 1987;91(24):6269-71. 
[48] Bojan MJ, Steele WA. Computer simulation of physisorption on a heterogeneous 
surface. Surf Sci. 1988;199(3):L395-L402. 
[49] Bojan MJ, Steele WA. Computer simulation of physisorbed krypton on a 
heterogeneous surface. Langmuir. 1989;5(3):625-33. 
[50] Bojan MJ, Steele WA. Computer simulation of physical adsorption on stepped 
surfaces. Langmuir. 1992;9(10):2569-75. 
[51] Bojan MJ, Steele WA. Computer simulations of the adsorption of xenon on stepped 
surfaces. Mol. Phys. 1998;95(3):431 - 7. 
 
 
